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Wc }JrcscI)t,  UBVJ and Hn il]lagcs  of a saln])lc of I.OW Sll]facc  13riglltncss  (1,S13)  disk
.galaxics.  These galaxies are gcl]crally  la{e ty]ms, if tllcy caI] I)c scnsil.dy classified at all.
However, they not dwarfs, Iwi]]g illtrinsicly large WI(1 lluni]lous. ‘J’hc llloq)hology of 1,s11
galaxies is discussed in terms of the ])hysica]  il]t,crl))(:t:ltif)]]  of t,llc }Iul.)ldc scquc]]cc, the
stages of which arc found to bc nonlinear i]) the sense that slnallcr  ]dlysical  diflcrcnccs
sq)aratc  mid to early type spirals tlla.]1 late ty])cs. ‘J’llc m(qhological  similarity of LSD
disks to faint galaxies resolved by HS!I’ is noted, as arc several alqmcl}t,ly  yomg galaxies.



1. JNTROlllJCrJ’ION

Mcqd]ological  classificatioxl  of galaxies Icl)rcsc]lts tl]c car]icst fbrlll of cxtragalactic
astro]lomy.  Detector tcchno]c)gy  initially allowed only galaxim of l]igh c,o]ltrast  with rcs~wct
to the sky background to bc ca(alogl~cd and classified. %lcctioll cf[ccts llavc the ])otcntial
to h severe i]] this ctisc. Howcnm,  i]] tl]c last fcw years, a la]gc  ]llunl)cr  of low ccmtrast
or IJow Surface Brightmcss  (LS1l) ga]axics  have 1 mcn cliscmmrcd  and cat alogccl  (Schombcrt
& Uotlmn  1988; Schombcrt  ct al. 1992; l]n])cy ct al. 1994). 111 gymcral,  I,SB galaxies span
tl]c same ra.l)gc  of physical Imramctcrs  as galaxies which occlll)y  tl]c ccnlvcntimal IIul)blc
sequcncc; they arc not exclusively low mass clwarf galaxies, Since LS13 galaxies arc defined
as having ccntra] sut’face brightncsscs fai]]tcr  tlla]l t]]c darkc!st  uig]]t sky, an ilwc!stigaticm
of their morphological properties may reveal if they form some kind of hidclcn Hubblc
scqucncc.  l’rcvious work has firmly cstaldisllccl  that the physical ]Jro]mrtics  of LSB galaxies

. .
arc stnkmgly  dlffcrcnt from those of {,hc 111.gll surface lmght,ncss (lISJ]) sl)irals  whic]l  dcfmc
tllc Hubblc  scclucncc (McGaugh  1992). These diflcrc]lccs ]nay lwoviclc  imlwrtant CIUCS to
tllc }dlysics underlying morphology.

Morphological classification of galaxies has traditional been dcmc by visual impcction
of galaxy images on B-band  photographic ] dates. This intrinsically non-linear process is
difficult to duplicate using linear, digital CCDS. As SUC1l,  morphological classification may
be more! difIicult  and lCSS prccisc ill the digital criL (SCC discussion in van dCII 13c@,  I’icrcc,
& Tully 1990). To assist in the lllc>ll~ll[)l[)gic[ll  classification of 1.S11 galaxies, in this pa]~cr
wc pr~sc]~t ilna~cs  ill U, D, ~~, ~, a]]d H~ of 22 ]Js]~ ~a]axics. ‘1’his is ]lot a complctc  sample
in any sense, but dots rcprcscnt the lowest surface brightmcsscs  disk galaxies that can bc
cxtractcd  from diameter limited field surveys using visual impcction  of plate material (e.g.,
the UGC, Nilson 1973; and the 1’0SS-11 LSB list, Schombcrt  ct al. 1992). This population
of galaxies is very different from %ormal”  HSB field spirals and LSB dwarfs in clusters
(e.g., Impcy, Bothm, & Malin 1988; lrwill ct al. 1990; 130thun,  Impcy, & Malin 1991).

h 52 wc discuss the morphology of this SWWIC of LSB galaxi~s,  l~otc  tllcir silnila~ity
to the cxccss population of faint L]uc galaxim, and investigate the im]dicaticms  that the
physical properties of these galaxies have for the i]ltcrlmctation  of the IIubblc  scqllcncc.  We
comment on the CCD images of illtcrcsting individual JAB galaxies in $3, some of w]]ich
arc potcntiall$y  young galaxies. Our rcsu]ts  tLrc brifly stunmarizcd in $4. Thoughout  the
paper, all distance dependent quantities assume  f~o == loo~~ kln S–’ MI)C--] and a Vir~O
infall  velocity of 300 km s-l.

2. MORPHOLOGY

2.1 1.S-/3  Galaxies

h general, LSB galaxies arc late t y])c (Sc allcl later) spiral and imcgular galaxies. The
sl)iral pattern is often incipient or fragmcntmy  and usually faint and clifficult  to trace (e.g.,
E%30--3,  F558-1,  F561-1,  F568- 1, F568-  6, F577-V1,  UGC 1230, UGC 5709, UGC 6151,
UGC 6614, and UGC 9024). The low visibility of the spiral pattern and frcqucmtly  irregular
or amorphous appmrancc  of the disk often result ill a dwarf classification, though fcw of the
galaxies discussed here arc actually faint enough to formally clualify as such (Al > – 16).
Galaxies which do include F415- 3 and F61 1--1, bllt, for imtancc,  UGC 12695 is twice
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the size of’ t]m Milky ~~y. IIu]gc COII~lKMJCIJtS  arc fai]lt or {ot,a]]y  undctmtab]c  in ]nost
cases (e.g., F561-1,  U(2C 123o, Wd UGC 6151  ), lmt ill a significa]lt subset the Imlgcs  arc
bright, ‘1’hcsc lmlgcs gcncral]y have cflcctivc  rac]ii  of 2-3 k])c and arc of normal  ~~]rfacc
brightmcss. If anything, thmc is a tclldcncy  fbr the LSB galaxies with ]womincnt bulgcm
to llavc lar.gcr,  lower surface I.wight]]css  disks than t,hc lnorc tyl )ical bulgclcss I.S1~ galaxies
(c.g.,  F530-3, F568-G,  UGC 9024, aI]d cs]mcially  U(;C 6614). Bars a,c very rare, at least ill
this B-sclcctcd sanl])lc.  As most lmrs arc (Iynw]]ical  tmccrs  of a ]ncvious  tidal intcracticnl,

.

their paucity in this saln])lc nla,y l)c wlotl)cr  i]ldication of isolatiol] ol] sllmll scales (SCC
also Bol,hun ct al. 1993), !l’here arc so]nctin]cs lc]ls components in the surface hrightllcss
profi]cs, but it is more colnnlon for tllc profile to bc sim]dy cxpollcllt,ial  with some Iloisc.

‘1’hc original Hubb]c  scquc]~cc  cndcc]  with ty]~c Sc (lI~Ibl~lc  1936). ‘l%is ])articular
stage encompasses a very wide range of intrinsic galaxy prol)crtics,  including many IJSB
.ga]axics.  In fact, most of the highest, surface brightmcss  disks wllicll arc k]low]l  (e.g., M1OI )
arc Sc galaxlcs. Still, it hccamc ncccssa,r=y to cxtc]lc]  tl]c 11~11.~1.)lc  scqllmlcc to ever later types
as progressively better p]atc ]natcrial  was cxmnincd, IIltcrcstingly,  prior to LSIl galaxies
being so named, they were prcdominmlt nlcn]l)crs of tllc ncw Hllbl)lc tyl)c, %], An cxccllcnt
nearby example of this is provided by NGC 247. The majority of LS13 galaxies fall in the
late type bins of this classification] schcmc  (to the cxtc]]t that they CIO at all), as might
be cxpectcd  from the nature of the selection effects which act against thcm (Allen & Shu
1979; McGaugh  1995),

2.2 Pain i, Dhlc Galaxim ?

As the limits of observation have been ]mxsed  ever dcc])cr,  a large cxccss in the
munbcrs  counts of galaxies at faint magnitudes has been notccl (Tyson 1988; Lilly, Cowic,
& Gardner 1991; Collcss et al, 1991), McGaugll  (1994a) and Fcrguson & McGaugh  (1.994)
argued that this could bc at least in part duc to s~wfacc  briglltl~css sclcctio]l dfccts  which act
prcfcrcllt,ially  against IJSJ3 galaxies locally. R,ccently,  Grifflths ct al. (1994) and Glazcbrook
ct al. (1994) have resolved galaxies in the nlagnitudc  range of tllc cxccss with HST. ‘1’hcy
find that the cxccss is duc to peculiar, irregular looking galaxies , many of which do not fit
into the traditional classificatio~l  scheme, III addition, tllc data set of Wirth,  Koo, & Kron
(1994) on CLOO16+16 reveals a sig*,ificant  diflcrcncc  in light concc]ltratiou  index ratio as a
function of g-r color: the Muc galaxies tend 1 w the ones with the lowest light conccntmtion
indices.

This ncw mor]hlogical  information proviclcd by the 11ST observations is consistent
with the sce]~ario suggested by McGaugll  (1 994a), namely, that the z = O population of
LSB clisk galaxies have global properties quite similar to the faint blue galaxy population.
Indeed, the sinmlatcd -HST images of Fcrguson & McGa@  (1994) ]wcdict an cxccss  of
edge-on, fuzzy, and irregular objects over what is cx~)cctcd  from models based on standard
galaxy mixes lacking LSB galaxies. ‘1’bough the simulations arc intcntiona]ly  cxtrcmc,  they
bear a greater nlmyhologic.al rcsemblanc.c  to actual }3S9’ data,  than dots the standard no
evolution model, indicating that the nearby ol)jccts  discussed here may k very similar
to what has been considered an cngimatic  I)opglation of faint Muc galaxies. If the local
population of LS13 galaxies do indeed correspond to that responsible for the excess  counts
at faint magnitudes, then the rcdshift distribution of the galaxies classified as peculiar
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by Glaiicbrook ct al, (1994) sl]c)Ll]d be skewed towards sml~cwl]at,  lower rcds]lift tl]a~l the!
normal populations in tllc sall~c ]l~agnitude  raIlgc. Howcwcr, the d~glC{!  Of tk skew dCpC1ldS
on the ]wccisc form of the bivariatc distriblltioll M]cl  the tr~lc S1O]>C  of the fail]t clld of the
lun~i]~osity  function (SCC Fcrguso]l  & McGal@J  1994).

Tl]c  study of galaxies as physical olj~ccts  is oftcll cxl)rcsscd as ml effort to understand
tllc Ilubblc Scqucncc. 13dng csscmtial]y a mattcn of appcarancc,  as j)rinci]m]ly ]nal]ifcstcd
by arm texture and dcfinit,iou,  classification aloug tllc Hubb]c  scqucllcc  of spirids  is aflcctccl
by the surface brightness of a galaxy through tllc contrast of its fcatux-cs relative to the
background. A strong contrast facilitates ])crcc~)tiou  of n~or~)llological  distinctions, })artic-
ularly when imaging with a non-linear detector. As a conscqucmcc, one nlight susl~cct that
tllc Hubble scqucncc  is also nonlinear in the sense that ol)~ccts  with IIigh surface brightness
would bc HICM’C finely  typCd than [)t]lcrs. TIlis is a]]alogous to stellar s]wctral typing, in
which there is onc nonlinear tral)sf(.)rl~ltiti[)ll  from slmc.tral  tly]w to the lulclcrlying  physical
variable of tcmpcraturc  (F stars cwcrillg a, slnall IaI~gc i]j tclll]~crat,lm>), t,hcII a]]ot]lcr from

tcnllxxaturc  to nlass (O stars rc]wcscnting a very large linear nlass range). These effects
lca.d  to an HR diagram which has obvious nlain scqucncc  discontinuiti(!s when ldotted in
tcrlns of spectral tpyes despite a presumably sn~ooth  underlying nmss function (Houk &
Cowlcy  1975).

For stars, at least, these cflccts arc WCI1 understood. Such cannot bc said of the Hub-
Mc Scqllcncc! The identification of the lhysical pro]) crtics underlying it xcnlains  elusive.
Quantifiable global properties arc not WCI1 correlated with Hubble  type (Boroson  1981;
Kcnnicutt  1981; Bothun 1982; Kent 1985) and ol.)~cctivc  techniques sccnl to indicate that
all characteristics of an inlagc play a role in classification (Stc~rri-LO1lll)arcli  ct al. 1992).
Clearly it is necessary to sort out any nonlinearitics in the classification schcn]c before such
trends that do exist can bc intcrprctcd  physically.

A basic problcnl,  however, is that morphological classification is an idlcrcntly  non-
quantitativc  process. IIcsl)itc the nlany quantit,ativc  mcasurcmcnts  that call now bc made
for galaxies, nlorphological  classification still ]mrsists  as a suhstitutc  thcrcfor. Fc)r instance,
a fundalncntal  property of .galaxics whic]l  call bc quantified is their lunlinosity  Iwofilcs.  For
disk galaxies, these  have the fcnvn

p(r) = /i. + 1.086~,
a

(1)

where p. is the central surface brightness and n is the scale lcngtll  of the disk. These
characterize the luminosity density and the size c)f a galaxy, If morphological classification
is to reflect underlying l)hysics,  then tllc least onc sholdd hcq)c for is a ~)ositivc  correlation
between nlcasurcd galaxy structure and morphological  type.

Onc conlplication  is that the observed central surface brightness IJO needs to bc incli-
nation corrcctcd  to obtain the true face on value, p;. Usually this is done by assunling
that the disks arc optically thin, so that only edge brightening occurs. This is a dubious
assunlption,  but
snlall correction

wc retain it for consistency with other published data as it is usually a
conlparcci  to the range of surface brightness considered here and hence



nmkcs I1O diffcrcncc  to tllc res~dts.  If al]y(l)il)g,  tl]c assulll]}liol)  of no cx~illctiol]  is nlorc
ap~nw~wiatc ill tllcsc IA]] systcllls  wllicll  arc rclativc]y d~wt  free (McGauglI  19941)).

A link bctwccn  1~~ and underlyi]lg  l)llysics  was first suggested by Frwmlall  (1970),
who found that all spirals had /+$ == 21.65 + 0.3 1~ ]llag a,rcsrc.’-z. If this were a true
])hysical result,  a]lcl Ilot dllc to sclcctioll cflb.cts,  ilnl)ro]mr l~lllgc dcco]lvollltion,  or d i s k
galaxy opacity, then it would in~ply that tl)c ]NOCPSSCS  of galaxy forlnation cons ])irccl  to
always arrive at a particular lnass surface dcllsity. ~] OWCV~l”,  ~S noted by Scholl]bcrt ct
al. (1992), tllc very existence of disk galaxies with /tfi ]nal]y standard deviations from the
Freeman (1970) result indicates tl}at ihc surface Iwiglltllcss  distrilmticm  is ]Iot  so sharldy
]wakcd. The LS13 systcxns  u]~dcr  consideration here fall far frolll the Freeman value, with
typical  inclination corrcctcd  cclltra] surface Iwiglltncsscs  of /$ % 23.8 Iii mag arcscc-~.
Other investigations (McGaugl]  1993; McGaugh  et al, 1994; dc Jong k va dcr Kruit 1994;
S]maybcrry 1994; McGaugll  1995), clclnollstratc  that the SIMCC dcllsity of 1,S11  .galaxics  is
in fact sin~ilar  to that of Flccnmn disks. Moreover, the global pro] wrtics  of disk galaxies
(e.g., color, rotation velocity, profile sl,a]m, 11 J contm~t) s~c]n to bc largely indcpcndcnt  of
p; (McGaugl~ 1992).

Figure  1 shows the distribution of disk galaxies in the (i~~, o) plane. I)ata, are taken
from van dcr Kruit (1987), Ronlanishin, Stroln,  & Strom  (1983), and McGaugll  & Bothun
(1994). The data of McGaugh  & Bothun (1994) arc based on the in~agcs presented below.
Iutrinsical]y  small (a <1 }1–] kpc) galaxies arc cxcludcd  sillcc wc wish to discuss only those
clisk galaxic!s which are conl~)araldc in size to the s~)irals  which define the Hubblc  sequence,
As can bc seem fronl Figure 1, the s]mcc dcmsity  of galaxies as a function of 11~ is not sinlldy
a nlatter  of size or nlorl)l~blogica]  type, as argllcd l)y va]l dcr Kruit (1987).

Galaxies do not distinguish thcnlselvcs  n]ucll I)y Hul)b]c  ty]m in this diagram (SCC
also clc Jong & van dcr Kruit 1994). There is a tcmdcncy for galaxies of low surface
brightness to bc classified as late types, but all Hubblc!  tyl)cs ccwcr  the sanlc range in size.
‘l%ings  nlorphologically  classccl  hs dwarfs  arc l)ot necessarily small (see also %hncidcr  ct
al. 1992). Late types do tcud to bc ICSS lluninous owing to their 10WCN”  surfhcc brightness at
a givc]~  size. Exan~IJes  of very large, luminous I,SB disks do exist; these tend to ~Jc labeled
as relatively early types bccausc  of their lnxnnincnt  bulges and anmnic  spiral structure
but ]mobably rcprcscnt  a ulliquc m]d distinct class of galaxies (Schonlbcrt  ct al. 1992;
Spraybcrry  ct al. 1994).

Note that disk absolute magnitudes generally C1O Ilot cxcccd  MB = –21, and that this
limit is approached by LSB as WC1l as HSB galaxies. ‘his result probaMy  has the nlost
to do with the physical conditions which arc required to produce a spiral galaxy, perhaps
indicating the n~aximun~ baryonic  n~ass which has had tinlc to cool. Another interesting
feature in figure 1 is the a]qwent cnvclopc  dcxnarcatcd  Ly a line running from a = 3 kpc
at the faintest surface brightness ~dottcd  to a =: 10 k])c at the Imightest.  Though soxnc
giant LSD galaxies exist, there clocs sccnl to bc a slight tcnclency  for larger disks to bc
higher ill surface brightness. This is suggestive of a l.)ivariatc  distrilmtioll  in which there
is a modest correlation between size and surfticc brightness, and which has a sharp decline
in the density of galaxies larger than the CI1VC1O])C. This is analogous to the knee of the
luminosity function, but is not orthogonal to tllc surface brightness axis ass usually as.wuncd.
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Unfortunately, it is not possible to say lnoJc thal] tl)is  fhn th[! ])rcscnt  data,,  but if there
is a, real trcncl  of tl~is  sort,,  t,llcll  tllc S]OI)C of the faint cmd of the field lunlinosity  function
is likely to have been undcrcstimatwl  (McGal@I  1994a; Ilmguson  & McGaugh  1994).

Though the Hubblc  type is loosely related to surface bright] )css,  it is interesting to
llotc  that the overlap bctwccn  tyl)cs is substantial. This is cspcc,ially  true fbr early type
disks  which prcdonliliantly  occur at high slwfacc I.,riglltl)c,sscs  aro~uld tl~c }~rcclnan  (1970)
value.  There is no clistinctiou  bctwccn  S(), Sa, S}.), aJld to a lesser cxtcmt,  Se., galaxies in
Figure 2. This of course nlcaJls that ot,ller  characteristics, s{tch as arnl tcxttlre,  etc., ~da,y
a dominant role in classification. Sue]] details arc Inuc.h lCSS striking in 1.S13 galaxies in
s~)itc  of the frequency of spira] struct,urc,  111 fact, surface bright ]lcss should bc considered
as another dinlcnsion in a nlorc prol~f!r  2-dinlcnsioA  galaxy cla.ssifica  tiou systems, such
as the RI)J)O  systcnl initiated by van dcn Dcrgh (1976),

13cing  based largely on a,rnl tc.xturc  and the tigllt,ncss  of the wralq}ing of spiral arn~s, it
is perhaps not surprising that the Hubblc  scqucIIcc does not disti]igllisll ~t~ a]]cl o which arc

the basic ]n-opertics  of disks. However, disks are not, the only component of the luminosity
])rofilc, and anotllcr asl)cct which enters tllc nlorl)llolbgical  classification is the central
coJlccntration of the light, often quantified by the bulge to disk ratio Ii’/-D.  Sinlicn &
de Vaucoulcurs  (1986) give a clctailcd  fornmla relating nlorphological  type to mean l?/1~.
However, there is a great deal of scatter in D/l..  at a given type, nluch of which is real
(Boroson  1981; Bothun 1982; Kent 1985). I.ow surface lwightncss  .galaxics  pose particular
dif%cultics  in this regard bccausc  of their a])l~arcnt  binloclal  distribution of bulge sizes.
Most LSB galaxies have 11/D  < 0,1, l.mt  a significant subset have 13/D  w 1 with no
obvious transition population. The classification of la.rgc Indgc LS13 spirals by arnl texture
can not bc reconciled with that by 13/D. Looking o]lly  at th(! ar]ns, these arc late types.
But judging by E/D, they arc early types.

This may just bc a further indication that the Hllbblc scqucncc  is lCSS fundanlenta] to
the nature of galaxies as physical objects than Inigllt  bc hopccl.  The fact that early t ypc
spirals cluster strongly around the Frccnlan  (1970) value, while later t ypcs cover a nmch
larger area of this paranlctcr  space suggests that the high contrast of IISB galaxies allow
for fine distinctions in appearance to bc made bctwccn  thcnl. LSB galaxies arc lunl])cd
into a. fcw la.tc  type bins bccausc  it is difficult to scc anything nmrc abollt thcnl other than
that they arc fuzzy blobs. Indcccl,  this is sin~ilar  to Messier’s ol.~~ccts  which whcxl initially
discovered were all faint diffuse blobs, u]lclassifiablc using the ilnagillg cal]abilities of the
time. Thus it appears that the Hubble scqucncc  is indeed nonlinear, providing detailed
information over a relatively snmll ~wrtion  of the parameter space occu]~icd  by galaxies
where the contrast is the lx!st. There is thcrcforc  a tendency to infer big diffcrcnccs  in
ty])c from snlall physical diffcrcnccs  when tllc contrast is lligll, and little or no difference
in type dcq~itc large physical diffcrcnc,cs whcu the col~trast  is lmor.

This is anl]dy clear in the football shaped classification diagranl of dc Vaucoulcurs
(1959), which places the most cnlphasis on early type spirals. While this is an accurate
portrayal of the classification systcm, the physical ])aranlctcr  sl)acc contiuucs to expand
towards later types, which exhibit a wide and unusual range of properties. LSB galaxies
alone cover a wide range ili size as WC1l as surface lwightncss,  ancl also in color (McGaugh
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; & ]Whu]) 1.994), mctallicit,y  (McGal@l 19941)),  gas co]ltm]l  and star forlllatioll ])rolwrtics
(van dcr Hulst ct al. 1987, McGaLIgl] 1992; vail dcr llulst et al. 1993). Considering that
LS.B galaxies arc actually quite colnmoll it is ilnlxmtant to Ulldclstalld  thelll as physical
ol.)~ccts  if WC arc to dcciphcr  the nlcallillg of tllc IIuLIJc scqucncc.

By way of analogy, consider the case of stellar ~)opulations.  When I]aade (1944)
first resolved stars in the bulge of the Andromeda galaxy, hc was able to introduce the
concept of stellar populations wit]] tllc aid of the }11{ diagraln  fbr stars ill CNlr own galaxy
as all intcrprctivc  tool. Even thollg]l  only tllc 1 wightcst stars were resolved, knowledge
of the HI{. cliagram allowed assig]llllcnt  of tllc rcd lndgc stars to a ])o])ulation similar to
that of globular clusters, wllilc the brigl~f,  blue stars of tllc disk belonged to a po]ndation
similar to that of the solar neighborhood, IIowcvcr, tllc reverse is Ilot  ])ossib]c - without
a priori  knowledge of tlm HR. diagram, onc could ucvcr infer the cxistcmce of the main
sequence from Baadc’s  data, Although sonm  attempts ha,vc been made (e.g., Whitmorc
1984), there remains no physically understood ccluivalcnt of the HR, diagrmn  for galaxies.
11 y concentrating only on tllc most co)ls])icuolw  cxan l]~lcs  of cxtragalactic  stellar systems,
wc may be missing the analog of the main sf!qu(!llcc  for gala,xics.

Though it has not succccdccl as a too]  for ~uldcrsta)lding  galaxicx the way the HR
diagram has for stars, the Hubb]c  scqucllcc dots have. merit. I)es])itc  the large a]nount of
real scatter, there is a clear trcncl  of D/l) with tyl)c.  There arc large regions of parameter
space which rca.1 galaxies do not occupy (e.g., there arc no giant HS13 galaxies, cf. Kent
1985; Sprayberry  ct al. 1994; dc Jong & van dcr ]{ruit  1994,), and though the scatter again
is large, the boundaries CIO seem to bc dclillca,tcd  by type. Given that there is always a
great deal of scatter in plots involving lnorpho]ogical  tylm, these uninhabited regions of
parameter space may bc telling us Ilmre almlt disk galaxy forn~ation  than any of the weak
trcllds that do exist.

Since the Hubblc  scqucncc  is essentially onc of regularity, with type varying from
early type galaxies which arc smooth in appcmrancc  to irrcgula.r  late types, perhaps the
most important physical characteristic is the star formation time scale (cf. Kcnnicutt  1983).
Most of the star formation in early type galaxies occurred long ago, so clynamica]  ]moccsscs
have had time to regularize the appearance of stochastic variations in bright star formation
cites which arc still ap~~arcnt in late types. These have their star formation histories
weighted more towards current cpc)clls  (Gallagher, Hunter, & ‘1’utukov 1984; McGaugh  &
Bothun  1994). The variation can not bc in the absolute amo~mt of star formation, present
or past, as this allows for X1O variation within a given t ypc. Perhaps it is bet tex described
by the time scale ~ N M./M, the current rate of star formation relative to the total
integrated star formation. This in some sense is the inverse of the evolutionary rate, which
is rapid for early types and very slow for late types. This would naturally explain the
mcmphology-density (Drcsslcr  1980) and surface brightmcss-  dcusity  (Bothun  ct al. 1993;
Mo, McGaugh,  & Bothun 1994) relations, bccallse galaxies arc expect
evolve more slowly the more isolated their ]wogcnitors (SCC Mo et al.

3. IMAGES

d to form later and
994).



TO give sonic inl]wcssioll  of t}lf!  galaxies wc wt! discussing, allcl all idea of the divmxity
of xnorphology of LS13 disks, wc ])rcsclit multicolor CC]] ill]agcs  and discuss smnc illtcr-
cstillg indivicluals. The del)tll  of the C;C1) inlages gives ra.thcr Inolc  illforlnatic>ll  tllall is
available on discovery p]atcs; this can lead tc) ratllcr  diflcrcllt ll)(~l])llt)l{)gical  classificatimls.
This is il]ustratcd in Table 1, which conl})arcs  tllc types  given by tllc UGC a~ld  those dc-
tcrlnincd  from the CCD  images ox) tllc  systcm dcscril.)cxi l)y SaIlc{agc & BiIlggcli (1984) as
cn]plc)ycd  by Schonlbcrt  ct al. (1992). Clearly, there is a. large uncertainty in type at low
surface brightncsscs,  as classiflc.a,tfiol]  rcq~lilwi solnc eyeball il)tcrpolatim~  c)f llnsccn struc-
tures. Tllc UGC classifications IIavc l.mcn rctaillcci  in Figluc  1 sillcc tllc ot]lcr data. arc
also photographic, but it is clear that lnorphological  tylm pcr sc is not very Incaningful  for
1.S13 galaxies.

Surface photometry ancl colors arc discussed by Mc.Gaugh  & 130tllun  (1994), as arc
details of the broad band observations. ‘1’hc Ha observations, dcscribcd  by McGaugh
(1992), provide the targets for H II rcygioll spcctroscol)y  (McGaugh  1994 b). Like the broad
bancl inmgcs, many of the Ha images were obtainccl  with the MDM]  1.3 nl tclcsccq~c.  Sonic
were obta,incd  with the KPNO  2.1 m tclcsco])c  with ty])ically ]ongcr cxpc)suycs. Hcncc these
arc considerably dccpcr,  a point which should bc kc])t  in n~incl when con~parillg  the images.
They arc denoted by “2.1 m“ in the figure captimls.

All inmgcs arc presented with north up and cast to the left. Unless otherwise noted,
each inlagc is 2,4’ on a side. Most, though not all, were obtained under photometric
conditions. hnages arc scaled to have the sanlc contrast relative to the sky SC) as to reveal
nlorl)hology;  saturation of the grayscalc  often happens at quite low surface brightness
which varies with the surface brightness of the galaxy.

3.1 NGC  7757

‘This HSB disk galaxy is incluc]cd for conll)arison (Figure 2). An Sc spiral, it is the
sort of galaxy most of us probably consider ‘(typical .“ Pcrhalm  contrary to appcaranccs,
the exposure tinle  and the signal to noise ratic)  in the sky is lCSS than in the other inlagcs.
If displayed in such a way as to nlakc the sky value (ratl~cr  than the contrast relative to
the sky) appear sin~ilar,  most detail WOUICI bc lost to saturation.

Tl~c disk of this galaxy is cons~nnccl  by star fcmnaticm with H II rcgiol~s  tracing a
pronlinent  spiral pattern, I)cspitc  the nlllcll higher star fcnmaticm rate ]Jcr unit area, this
galaxy is not as MUC as nlost of tllc LSB ga]axics discussed here. Note the change in
nlorphology  with filter as the disk becomes Imogrcssivcly  slnc)c)thcr  in the rcd, indicative
of an old disk population.

3.2 l’~1$ 3

This LSB galaxy has a single pronlinellt H II region uear its ccntcr  and anlorphous
very low surface brightness plumes extending away fronl the cncls of the maijor  axis of
tile nlain body (Figure 3). The western plulnc has several knots  which arc pronlincnt  in
. -——  .—. —

‘ MDM  Observatory is cq~cratcd  by the University of Michigan, Dartmouth College,
and the Massachusetts Institute of Technology.
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the Lluc filtcl’s but which arc not ol)vious]y H 11 rcgiolls. ‘1’llis may be due to weak HO
cvnissicm,  or a velocity cliffcrenc,c  wl~jch takes the ]inc out of’ the narrow IIa lxuldpass.

This relatively small (cxponcntia]  scale lcl@J]  0 = 1.2 /1-J kpc) galaxy has a silni-
lar a]q)carance  in all filters, suggesting a fairly ho]nogc]]colls  po]ndation  which has not
scgrcgatccl dynanlica]ly.  The V -- 1 color (V -- 1 =- 0.71) is rcn~arkably Muc, Note the
lack of an old rcd disk. This is a generic pro}mrt,y  of 1,S11 galaxies, which often lack the
diffuse rcd disks” associated with the old disk conl]wnellt i~i HSD galaxies. This suggests a
populatio]l  with a giant brallcll  wllicll  is tl)][l[:)tlcvt:lo])c:tl  dllc to a late col]llllcllc(:l]lcllt of
star formation and a low lncan age (Mc(;augh & Dotlmn  1994). As indicated by their low
surface brightness and the s])arsc  s]wilddi]lg  of H 11 regions across the clisks,  both the past
and current star fornlation rate pc. r unit area is low.

3.3 l’4G9- 2

‘J’his rather large (o = 2,9 h-] kpc) quite LSI~ (~~~ = 24.441? nlag arcscc–2 ) galaxy has
mncthclcss  several pronlincnt H II rcgio]ls cmbcddcd  in a chaotic looking disk (Figure 4).
‘his galaxy is also quite Muc (U --B =- -0.44, 11 – V =-I 0.43, V --1 = 0.94) with a shnilar
morphology in each filter, again suggesting a youtJlful  population. If anything, the disk (as
opposed to the spiral pattern) is lCSS ]nwmillcnt  in 1, contrary to the case in NGC 7757.

3.4 F55’O--I9

!l%is galaxy looks fairly ]Iornlal, with a l.ndge and a two arm spiral pal tern (Figure 5).
Nonetheless, it is much lower surface brightness (Its = 23.85 lnag arcscc-2)  than the HSB
galaxy to the southeast, which is saturated ill these in]agcs, l’his intcrlo~)er  is probably at
a diflercnt xcdshift,  as it is unusual for large (a = 3.7 h-’ kpc in this case) LSD galaxies to
have nearby neighbors (Bothun ct al. 1993, Mo ct al. 1994).

3.5 P561- 1

‘] k JC) clisk, this LSB galaxy has a strong, onc arnl spiralA typical size (o = 2.611 ~
~)attcrn  (Figure 7). Such features arc not unconunon  in LS13 galaxies, suggesting that
m = 1 spiral nlodes arc possible at low surface densities. Rings and single arnm inclicatc the
importance of surface density thresholds (Kcnnicutt  1989) to the star forn~ing properties
of LSD ‘disks (van dcr Hulst ct al. 1993).

3.6 F’563- VI

Despite its dwarf morphology (Figure 8), F563- VI is not particularly snlall  (a =
1.9 h-] kpc).  It nonetheless appears to have a rather honlogcncous  stellar population. It
is also one of the most metal poor extragalactic  objects known (McGaugh  1994 b), again
suggestive of a young object.

3.7 FG1l- 1

This is an otherwise an~orphous  galaxy with a pair of in~bcdded  knots of star fornla-
tion (Figure 10). These do not don~inatc  the light as is often the case in star bursting
Muc conlpact  galaxies (B CGS). While IICGs prcsulnal.)ly  have LSB progcuitors  (TysoIl
& Scalo 1988), the galaxies ljcing discussed here arc gcncra]ly  to large ancl bright to be
the progenitor population (though scc Taylor, Brinks, & Skilhnal~ 1993) which probably



invo]vcs galaxies which arc Slna]l[!r and lwrhal)s CVCII lower  surfac.c  lnigllt]lcss  wllcm  not
actively fbrmillg stars. Nollct]]c]css,  F6] I 1 is sill]ilar  to DCGS ill tl)at it is also quiix!
metal Imor (Z L 0.1 Z~). The lmiform]y distril.)utcd  light, is Muc, wit,])  U -- 11 =. —0.24
and l) — V = 0.44. ‘1’bough m)t t,crribly  sula]l (a -= 1.5 ~~-’ lq)c),  it is quite low surface
brigl]t,llcxs  (1~~ = 24.5 lnag arcscc-”2  ).

3.8 UG’C 125’0

This normal sized (0 = 3 h-lkpc.)  disk is cxtrcmc]y  I)luc,  with V – J =: 0.56. The
galactic rcdcnning  is large (A 1) == ().4, Burstcin  & Ilci]cs 1 984), so tllc color clqxmds 011 the
assumed rcdcnning  law. However, the observed V -1 = 0.72 is itself rcvnarkab]y Iduc for a
composite stellar systcm. ‘llc giant branch in this galaxy lnust bc quite feebly ]w])ulatccl,
indicating a young mean age.

‘1’here is a clear, if cliffusc, s])iral pattern (Figure 1 2). The spiral arms arc not well
traced by 11 II xcgions  as in NGC 7757 though tllcrc arc a, fcw scattcrml  about. Tl]c  ~mir
of knots to the south whit]] arc ]ncjmincllt  ill t]jc l-bmld  arc: tLISO H 11 rcgiolls. ‘1’llat
faint llcbular  emission is pr{!scnt  in these rc!d clusters indic,atcs  that star forlnation  has
ccmt,inucd  in the vicinity long cnoL@l for tllc tllc first stars formed ill the current episode
of star formation to evolve to the rcd supcrgiant  phase.

3.9 UGC 126f?fi

This galaxy has an odd structure, with thick spoke-like stm~cturcs  rather than arms
pxojccting  out from the ccntcr (Figure 15). These features are l)rcscnt in all filters, indi-
cat ing a fairly homogeneous stellar population. There arc a number of bright 1111 regions
around the edges of the galaxy. In those to the west, a clear trclld c)f color is present in
the sense that the southern c,lustcrs  i-Lrc bluer than tl~c northern ones, pcrha])s indicating
the lwopagation  of star formation in this direction. T]lc  lwoxilnity  of a very rcd tLnd blue
cluster in the east may indicate a similar situatiml. Sillcc these star clusters evolve 011
short (a fcw x 107 yr) time scales, ancl the galaxy as a whole is quite Muc (1? – V == 0$37),
star formation could have propagated across the entire galaxy rather rcccntly. The colors
arc consistent with an age of only a fcw X 1 Os yr. The gas mass fraction is quite large
and the stellar mass to light ratio is low (McGaugll  1992), alsc) ccmsistcnt  with youth.
Thus, UGC 12695 seems to bc an example of a large (a ~ 611 ‘1 kpc)  disk which has only
rcccntly  formed. As such it is as reasonable a candida,tc  “] umtogalaxy”  as any, but has the
advantage of being C1OSC enough to study in detail.

3.10 F568-6

The second example of a giant (n w 16 lL - ] kpc) low surface brightness disk, F568- 6
(I?igurc 16) is also known as Malin 2 (Both-m ct al. 1990). This is the only LSB galaxy
(other than the relatively HSB UGC 5709) known to contain H II regions with rnetallic-
itics higher than ~ 0.320 (McGaugh  1994 b), A wide range of mctallicitics  arc ]wcscnt,
suggestive of a steep abundance gradient, though the l)aucity  of H II regions makes this
difhcult to determine.

3.11 UGC 6614
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lJGC 6614 (Figure 17) is comlmrablc in size to Malill  ‘2 (CY w 121~-’ k])c). A I]mnbcr
of other giant disks arc also kllowll  (Imlmy  & l]otl~llll 19S9, K)lezcl{  1993, S~)raybcrry  ct al.
1994),  I)llt no]lc approach they ~)rc)toty]~c  Mali])  1 in t{!rlns of scale l[!l@ll (a x 55 }/--] kl)c;
130tllun  ct al. 19S7), The alnulclancc  [lctc]lllill:~tiol~s  for the 1111 regions ill UGC 6614 arc
wnbiguous  (McGaugh  1994 L), but suggest tlmt {ullikc t]]c majority  of LSB galaxies, it
could  be quite metal rich, Since only the giwlt 1.S13  galaxies cxllibit  high abundances, a]ld
also tcmd to ha,vc more prominent bulge components, the disks of tl]csc galaxies may have
been ]Jollutcd  by metal production ill the lmlgcs  (Kocp])cn  & Arimoto  1990). The disk
of U6614 is very low ill surface briglltllcss  and cxtcllds  WC1l out of tllc field of view. As
cvidcllt  from its red integrated CO1OIS, t]]c olmrvcd light is (Io]ui]latd almost  cvcrywhcxw

by the knllgc,

3.12 F5?’7-- VI

F577--V1  is not well dcscribcd  as an cx])oncntial  disk, but is c.oml)arab]e  in size to
a galaxy with a w 3 h-lkpc. It is one of tllc fcw late type JJSB galaxies with a bar
(Figure 18) though such features ]nay lJC common in early t,ypc  LS13 galaxies (dc 1310k,.,
private c[~]lllnullicatio]l).  Its outer light l>rofilc is dolni]]atcd by a very blue, actively star

forming spiral/ring structure.

3.13 UG’C  9024

This galaxy has a very low surface brightnms disk (~~~ = 24.71 mag arcscc–2)  ancl a
fairly normal looking Imlgc.  Its over all color is quite Muc (B – 1 = 1.18), as is that of the
bu]gc  itself (1? – I = 1.51).  Some hint of spiral structure is apparent in the D image, and
is also traced by H II regions in the clccp  Ho image (Figure 23). The disk is rather large
(a = 5.6 h-’kpc),  and the prcscncc  of the bulge suggests that this may bc a transition
object Imtwccn  normal sized, Imlgclcss  JAB galaxies and the giant cousins of Ma]in 1. This
galaxy rcprcscnts  a kind of discovcrly limit prcsentccl  by photogral)llic  plate technology as
its disk is barely discernible o)] the original l)lattc material.

4. CONCLUSIONS

We have presented multicolor CCD images  of a sanlplc of low surface brightness disk
galaxies. Thmc  exhibit a. wide range of morphologic, commensurate with the large area
they occupy in the size- surface brightness pla]lc. However, the large physical differences
between LSD galaxies arc suppressc‘d by morl)holgical  classification schemes, which tend
to assign thcm only a few vaguely defined types. This suggests that tllc HubMe sequcncc
is nonlinear in that galaxies with high contrast relative to the sky background arc subject
to being more finely typed than those which appear merely as fuzzy blobs on photographic
plates. This nonlinear mapping bctwccn  appearance and underlying physical properties is
analogous to that in mapping stellar s])cctral  types to tcmpcraturc  and mass. Hcncc  the
cliffcrcnccs bctwccn  early type (Sa, Sh, and Sc) spirals, though real and seemingly large,
arc in fact small compared to tho entire volume of physical parameter space occupied by
disk galaxies.
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Figure 11.

Figure 12.

Figure 13.

7’1](! distribution of disk galaxies in the ccntra]  surface brigllt~lms  - cxlmnclltia,l  sca,lc
lcllgth phmc. Diflcrcllt liubb]c tyl)cs arc distillgtlisllcd  will]  difr{!rcllt  syl]lbo]s.  ‘1’hc
tlotted  lines c~f constant ]~llllillosit,y  [Lrc lal]clcd by tllc abso]utc ~~ lllagl~itudc  of c]isks
with those (~lo, a). Tllc  scdid  aucl dashed llorizcn)tal  lillcs  rclwcscnt tllc Frcc]nan  (1970)
xCSLllt  116 == 21 .65+ 0,3 ; ~ 11”1~1~  W,SCC-”2  . Note that disks of all sizes exist with SU1f?L~~
Lrightnesscs  many a below tllc Frcc]nml  (1 970) wduc, ZLnd that tlkcrc  is 110 obvoious
discontinuity in surface brightness over a ra~lgc  of four magnitudes.

NGC 7757. a) U b) B c) V d) 1 c) Ha f) continuum subtracted Ha. This HSB spiral
is includccl for coml)arison purl)oscs. Tllc .grayscalc is Ilot scaled  the same as for tile
fbl]owing LSB imag-cs;  if it wcr[! the entire disk wodd be saturat[!d.

F415- 3. a) U b) 11 c) V d) 1 c) Ha f) c-ontimluln  s~~l.)tractcd  Ho.

F469--2. a) U b) 1? c) V d) 1 c) IIa f) ccn~tinuum subtracted Iia. ‘1’l~c linear streaks

result from dcfcrrcd charge from bright, stars in previous exposures.

F530- 3. a) U b) 1? c) V d) 1 e) Ha f) contiuuum  subtracted Ha.

F558-- 1. a) U b) 1? c) V d) 1 c) 2.1 m HCY f’) continuum subtracted Ha. Since the
Ha images were obtained with ZL larger tclcscol}e  than for the prcvions  galaxies and
filters, they arc rather dcqwr  (SCC text). A fairly normal looking spiral, the broad
band images were unfortu]latcly  not obtai]lcd  under photometric ccmditions  so it is
difficult to usefully cm]doy  the color information. Ilcsl)itc  the im]wrfcct  continuum
subtraction, there arc H 11 regions confirmed by spectroscopy in the southern arm.

F’561-1. a) U b) 1? c) V cl) 1 (!) 2.1 m Ha f) continuum subtracted Ha.

F563--V1. a) U b) D c) V d) 1 c) 2,1 m Ha f) continuum subtracted Ha. ‘J’hc U band
image is not photometric, and this galaxy is rather bluer thau seems to bc indicated
by the low contrast in (a) (dc 1310k,  van dcr Hulst, & J30thun 1994).

37563-  V2. a) U b) Ii c) V d) 1 c) HO f) continuum subtracted Ha. This galaxy has
two H II regions west of the relatively HS13 central bar, mld a blue, LSB plume to the
northwest.

F61 1-1. a) U b) 13 c) V d) 1 c) Ha f) continuum subtracted Ha.

F746--  1. a) U b) 1? c) V d) 1 e) Ho f) contiuuum subtracted Ha. There arc a number
of star forming regions in this relatively HSB galaxy.

UGC 1230. a) U l)) D c) V d) I C) Ha f) continuum subtracted Ha. ‘llc various
knots are H 11 regions spanllillg a wide  raugc of intrinsic Ha luminosity and broad
band  color. For example, compare the blue northeastern knots to the rcd ones duc
south of thcm. Though the Ha emission of the southern knots is barely clisccrnablc
in this irnagc, it was easily detcctcd  spectroscopically (McGaugh  1992, 1994b).

UGC 5709. a) U b) 1? c) V d) 1 c) 2.1 m Ha f) continuum subtracted HCY. This
galaxy is intcrmcdiatc  in surface brightness, and displays the same sort of old rcd disk
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IFigurc 14.

Figure 15.

Figure 16.

Figure 1.7.

Figure 18,

Figure 19.

Figure 20.

Figure 21..

Figure 22.

Figure 23,

seen in HS13 ga]axics. IL is also il)tcrll)cdiatc in color, l)cil)g  rccltlcr  than the Iowcr
sulfacc  brightness disks (McGaugll  & Ilotllull  1994).

UGC 6151, a) U b) B c) V d) 1 c) 2.1 m IIa f) continuum sul)tractcd IIti. Them  arc
quit,c a fcw fai]lt H II rcgicms ill this irrcgl~lar l~SIl s])ira].

UGC 1269~, a) U b) 11 c) V d) 1 e) IICV f) colltixlll~~]l~ sIIl)tImtcd IICY.

F568--6 == Malin 2, a) U h) 1~ c) V d) 1 c) 2.1 ID Ha, All off }mIld image adequate
for continuum  subtractiml is not available. Tllc  B and 1 ilnagcs  were obtained on a
diflcrcut  observing run tha] 1 the U and V images, tllc  latter I)ciIlg lloll]~l]otlc~xllctxic.
However, it is useful to intclcolnparc  the clnission regions visil~lc in tllc U. The
H 11 regions arc predictably lnigllt in this filter, lmt the ob]o)lg structure llorthwcst
of the bulge is not. The spcctrutn of this ol)jcct  is consistent with shock heating
(Mc.GauglI  19941.)), so it may 1X a jet associated with the nuclcay  activity in this giant
galaxy (130thun et al. 1990).

UGC 6614. a) U b) 13 c) V d) 1 c) 2. I m Ho. All C)ff band image adequate for
continuum subtraction is not availab]c,  l’hc scale of these images is different from the
others, being 3.1 rather than 2.4 arcminutcs on a side. Spiral structure c.au bc tracccl
to the edge of the frame, ancl cxbmds WC1l beyond this.

F577-V1.  a) U b) 1? C) V d) J.

F5G8-- 1. a) B b) I c) 2.1 m Ho d) conthlumn subtratccd  Ha.

F583---5. a) 11 b) 1 c) 2.1 m Ha d) colltinlllml  suhtratccd  Ho.

F585---3.  a) B b) 1 c) 2.1 m HCY d) continuum subtratc~!d  Ha.

UGC 5675. a) D b) 1 c) 2.1 m Ha d) continuum suhtratccd  Ha.

UGC 9024. a) D b) 1 c) 2.1 m Ha d) continuum subtratccd  Ho.
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